Evidence (3, 4) . In leguminous nodules a steady-state level of Lb3+ is also believed to result from the autoxidation of Lb2+-O2, which is favored by low pH values (5). Several nodule metabolites, such as O2, NO2-, and H202, may contribute to the oxidation of Lb2+ and Lb2+-O2 (6). Detection of Lb3+ in intact or minimally disturbed nodules is difficult due to the inherent light scattering by nodules, the low extinction coefficient of the diagnostic absorption band of Lb3+ at -625 nm, and the existence in nodules of several ligands, such as nicotinate (7), whose complexes with Lb3`do not exhibit the 625-nm band.
Only the ferrous forms of hemoglobin (Hb), myoglobin (Mb) , and leghemoglobin (Lb) bind 02. Oxidation of these hemoproteins to the ferric form is readily observed in vitro, but the proportions of the ferric forms are remarkably low in vivo. For example, erythrocytes from reptiles and mammals have a steady-state level of 1-3% Hb3+ (1) . In human erythrocytes enzymatic and nonenzymatic mechanisms exist for reducing Hb3+ to Hb2+ (2) . The contribution of each system to Hb3+ reduction is estimated to be 67% NADH:Hb3+ reductase (also named NADH:cytochrome b5 reductase), 5% NADPH:flavin reductase, 16% ascorbate, and 12% reduced glutathione (2) . Analogous systems may exist in skeletal muscles for the reduction of Mb3+ (3, 4) .
In leguminous nodules a steady-state level of Lb3+ is also believed to result from the autoxidation of Lb2+-O2, which is favored by low pH values (5) . Several nodule metabolites, such as O2, NO2-, and H202, may contribute to the oxidation of Lb2+ and Lb2+-O2 (6) . Detection of Lb3+ in intact or minimally disturbed nodules is difficult due to the inherent light scattering by nodules, the low extinction coefficient of the diagnostic absorption band of Lb3+ at -625 nm, and the existence in nodules of several ligands, such as nicotinate (7) , whose complexes with Lb3`do not exhibit the 625-nm band.
The observation that chemically generated Lb3+ is rapidly reduced in soybean nodule slices suggests that nodules are equipped with mechanisms for restoring functional Lb2+ (8) .
Proteins with Lb3' reductase (FLbR) activity were reported in lupin (9) and soybean (10, 11) nodules. Lupin FLbR is very similar to cytochrome b5 reductase from erythrocytes (9) . Puppo et al. (10) partially purified an FLbR-like enzyme from soybean nodules, but their preparation showed very low activity and this was not corrected for nonenzymatic Lb3+ reduction. Saari and Klucas (11) also purified a FLbR from soybean nodules that was shown to be a homodimer of 100 kDa and, therefore, unlike lupin FLbR. They also reported the existence of small, thermostable molecules in nodules that reduced Lb3+ upon addition of NADH and interfered with the purification of FLbR (11) . The identification of these compounds was not attempted and their efficacy for reducing Lb31 was not compared with that of FLbR.
In this paper we describe several mechanisms for the reduction of Lb31 to Lb2+ that may be functional in legume nodules: (i) a specific enzyme (FLbR), (ii) endogenous reductants, (iii) NAD(P)H-reduced flavins, and (iv) a nonflavin unknown compound that also requires NAD(P)H for activity. Concentrations of Lb3+ (purified as above), whale skeletal muscle Mb3+ (Sigma), and bovine Hb3+ (Sigma) were determined by the pyridine-hemochrome method (13) .
MATERIALS AND METHODS
Purification of Soybean FLbR. The enzyme was purified according to the procedure of Saari and Klucas (11) , as revised by Ji (14) . The entire purification process was carried out at 0-40C and required less than 4 days to complete. FLbR was purified from the 700 mM KP, fraction mentioned above by several steps of FPLC, involving anion-exchange, gelfiltration, and hydrophobic columns (14) . Protein concentration was determined by the Bio-Rad microassay (Bio-Rad Bulletin), with bovine serum albumin as a standard.
Assay of Diaphorase Activity. FLbR was routinely assayed during the purification by using its diaphorase activity as a convenient assay (15) . One unit of activity was defined as the amount of enzyme that reduced 1 nmol of 2,6-dichloroindophenol (DCIP) per min (15 Effect of Metabolites, Inhibitors, and Other Modulators on FLbR Activity. FLbR activity was assayed as described above except 50 ,uM soybean Lb isoform c (Lbc) was used, and the relevant compound at the concentrations indicated in Table 1 was added to the reaction solutions. All tested compounds were also assayed in the absence of enzyme to correct for nonenzymatic reduction of Lb3+ by the compound(s) alone. Reactions were followed by sequential scanning (450-650 nm) at 0 (100% Lb3+), 0.5, 1, and 4 hr. After the last scan, a few crystals of dithionite were added to the cuvette and CO was gently bubbled through the cuvette for a few seconds. A new scan was run after 1 min, which corresponded to 100% Lb2+.CO. Percentages of Lb2+.CO formed were then calculated with the 0%o and 100% values of A562. Although FLbR activity is similar with air-and COsaturated buffers (11), CO was preferred for long incubations to avoid problems of Lb2`autoxidation.
Lb3+-nicotinate and Lb3+-nitrite were produced by adding a few crystals of nicotinic acid and KNO2 just prior to the addition of the enzyme and NADH. Inhibitors were preincubated with the enzyme in buffer at 23°C for 1 hr. Flavin Content ofNodules. Free flavins were extracted from nodules essentially as described by Cerletti and Giordano (16) , at 0C in the dark. Nodules (0.3 g) were extracted twice with ice-cold trichloroacetic acid, and to the pooled supernatants 2 M KPj (pH 7.0) was added to give a final pH of 6.1. Aliquots were stored at -700C until further analysis (2-10 days later) of flavins according to Light et al. (17) .
Extraction of Low Molecular Mass Compounds from Nodules. These were prepared either from the supernatant after the 55-85% ammonium sulfate fractionation (13) used for Lb purification (for experiment in Table 3 ) or directly from the nodule cytosol (for experiment in Table 4 ). Both the supernatant and the cytosol were filtered sequentially through YM10 (10- report comparing V0 values of FLbR with NADH or NADPH (11) . Incubation of FLbR with the thiol reagent iodoacetamide (1 mM) resulted in 95-100% loss of activity, whereas p-hydroxymercuribenzoate (0.5 mM) initially (0.5 hr) enhanced and finally (4 hr) slightly decreased FLbR activity (Table 1) . Quinacrine (0.5 mM), an inhibitor of flavoproteins (20) , inhibited FLbR by 30-40%, and amobarbital (1 mM), an inhibitor of NADH-oxidizing enzymes and other flavoproteins (20) , also inhibited FLbR by 35% after 0.5-1 hr, but by 80% after 4 hr ( Table 1) . These results suggest that thiol groups are important for FLbR activity and that the enzyme is a flavoprotein. To confirm the latter point the enzyme was digested with trypsin/chymotrypsin at pH 7.5 and 37°C for 2 hr. HPLC analysis showed unequivocally that the enzyme contains FAD (data not shown).
The effect of exogenous SOD and catalase on the reaction was analyzed to identify possible intermediates. Addition of high amounts of SOD (50 ,ug) had little effect on the rate of Lb3+ reduction, but catalase (6 ,ug) inhibited FLbR activity by 80% throughout the incubation period (Table 1) ,(, and y absorption bands at 558-560, 537.5-538.5, and 410-410.5 nm, respectively, for Lbs from different species. These spectral characteristics obviously differ from those of Lb2+-NO (7, 21) . To our knowledge, this is the first time a complex between Lb3+ and NO2-has been described, but a similar complex has been reported for Hb3+ (22) . The complexes of Lb3+ with nicotinate and NO2-are not reduced by FLbR (Table   1) , and this fact may be of physiological interest because both compounds are common metabolites of nodules (7, 23 (Fig. 1) (3, 29) .
The concentrations of riboflavin, FMN, and FAD in soybean nodules were determined by HPLC using fluorescence detection (17) and were corrected for recovery. Average recoveries were 78% for FAD and 65% for FMN and riboflavin. Riboflavin was by far the most abundant free flavin in soybean nodules; 1 g of fresh nodules contained 60 nmol of riboflavin but only 5.5 nmol of FMN or FAD. The corresponding concentrations in nodules were estimated to be 69 ,uM for riboflavin and 6 ,uM for the coenzymes (see legend to Fig. 2) . Concentrations of NAD(P)H in soybean nodules (26, 27 , *) were estimated to range from 11 to 67 ,uM for NADH and from 36 to 110 ,uM for NADPH (see legend to Fig. 2 ). These values may represent underestimations because bacteroids have a very active deamidase that can degrade nucleotides to nicotinamide and nicotinate during extraction.* In any case, Lb3+ was reduced when flavins and NAD(P)H were used at the purported physiological concentrations, albeit at lower rates (cf. Figs. 1 and 2 ). The rate of Lb2"CO formed, however, began to decline after 30 min, probably due to NAD(P)H depletion because the reaction continued when the supply of NAD(P)H was reestablished (Fig. 2) .
The physiological implications of flavins as intermediates in the reduction of Lb3+ in nodules are important. The reduction for Lb3+ by soybean FLbR (14) or by NADH alone (30) requires 02, whereas the system NAD(P)H -* flavins Lb3+ does not; further, this reaction proceeds faster and more efficiently (i.e., less NADH consumed per Lb3+ reduced) under anaerobic conditions, with complete reduction of Lb3+ to deoxy-Lb2+ (M.B., M. L. Salin, and R.V.K., unpublished data). Therefore, the microaerophillic conditions inside the infected cells of nodules, with an estimated free 02 concentration of -10 nM (28), should be conducive for the flavin-mediated reduction of Lb3+. Another conclusion from Figs. 1 and 2 is that the NAD(P)H/riboflavin ratio is critical for Lb3+ reduction. High ratios (e.g., 26) accelerate Lb3+ reduction, whereas low ratios (e.g., 1-3) could cause Lb2" reoxidation after NAD(P)H depletion. Very likely, the situation in vivo is much more favorable because ofa constant level of NAD(P)H and of nearly anaerobic conditions. However, the NAD(P)H/nboflavin ratio in nodules is expected to decline sharply under stress conditions, as the concentration of NAD(P)H decreases (27) and that of riboflavin increases (31 we have called compound B, that (i) is very efficient at facilitating the reduction of Lb3' at rates much higher than the enzymatic system, (ii) requires NADH (NADPH is similarly effective; data not shown), and (iii) is heat-stable (Table 3) . Thus, compound B is not NAD(P)H, ascorbate, glutathione, or other typical biological reductant. Compound B could be a flavin, since flavins are relatively thermostable and are needed only at low micromolar concentrations to reduce Lb3+ in the presence of NADH (Fig. 2) . To test this possibility, the fractions containing B were depleted of flavins by phenol extraction. No flavins were detected in the phenol-extracted fractions. In nondepleted fractions, flavin concentrations were 0 (FMN), 0.1 juM (FAD), and 2.2 jM (riboflavin), which appear to be too low to reduce Lb3+ after Tables 3 and 4) . To identify possible intermediates in the reduction of Lb3+ mediated by B, SOD and catalase were added in the reaction mixtures. Catalase (10 or 30 ,ug) had little effect on the reducing activity of B, whereas SOD (10 pug) fully suppressed the reaction (Table 4) The possibility of B being a metal was also examined. The activity of B was unaffected when the nodule extract was passed through a Chelex-100 (Bio-Rad) column, and only a 13% inhibition was observed upon addition of 0.5 mM EDTA (Table 4) . Transition metals such as Mn2' reduce Mb3+ (3).
We found that Mn2+ (10.uM) actively reduced Lb3+ (55% Lb2+ 02 formed in 0.5 hr) in the presence of NADH (Table 4) , but not in its absence. The reaction was inhibited by SOD but not by catalase. The inhibition by SOD was not as effective as for compound B; 10 /ig and 30 ,ug of SOD inhibited the Mn2+-mediated reaction by 31% and 56%, respectively. In contrast, EDTA (0.5 mM) stimulated the metal-mediated reduction by 22% (Table 4) . Reactions mediated by B and Mn2+ were distinctly different when other hemoproteins were used as substrates. After correcting the values of hemoprotein-reducing activity of Mn2+ and B for reduction by NADH alone, we observed that (i) Mn2+ reduced Mb3+ (22% Mb2+-02) and Hb3+ (7.3% Hb2+-02), though much less than Lb3+ (49.2% Lb2+ 02); and (ii) compound B formed only 8.5% Mb2+-02 and did not reduce Hb3+ (Table 4) . We conclude that an unknown compound, B, of legume nodules 
